We have synthesized ZnSe:Mn/ZnS doped core/shell quantum dots with high temperature stability and 91.0% quantum efficiency at the 597 nm emission with 412 nm excitation, very attractive as nanophosphors for white LEDs.
I. INTRODUCTION
High efficiency white LEDs are desirable in future lighting applications for optimal color rendering from the point of view of both human perception and energy efficiency. Inexpensive white LEDs based on blue InGaN/GaN emitters are very attractive for general lighting, because of their low cost and high luminescence efficiency. Most commercially available low-cost white LEDs are manufactured by combining a blue InGaN/GaN LED chip with a yellow phosphor, typically yttrium aluminum garnet (YAG) doped with cerium. Low-cost white LEDs with the yellow phosphor emit an intense bluish white light, dominated by blue emission from the InGaN/GaN chip [1] . While many organic materials have been investigated to improve the color rendering index of white LEDs, their resulting emission is also dominated by blue emission [2] .
In 2001, it has been discovered that human body clocks are highly sensitive to short wavelength light (460 -480 nm). It is now a well-established fact that very low levels of blue light are superior to high intense white light at shifting circadian rhythms, regulating melatonin levels, and producing a subjective alert response. Blocking or selectively filtering short-wavelength light has been shown to prevent nocturnal melatonin suppression in humans and to attenuate overall disruption of circadian endocrine rhythms and clock gene expression in rats. We suggest the spectral imbalance in current white LEDs can be overcome by exploiting the size-dependent broad color tunability of colloidal quantum dots (QDs).
Our choice of Mn-doped ZnSe QDs as nanophosphor material is driven by their cadmium-free composition, bright emission well above room temperature [3, 4] , and their peak excitation in the violet -blue region. Quantum efficiency as high as 70% has recently been reported for Mn-doped ZnSe colloidal QDs [3] . Using colloidal synthesis, ZnSe:Mn/ZnS QDs were synthesized, emitting at the 497 nm peak and the Mn related 587 nm peak. These QDs were shelled with ZnS to provide additional isolation of the ZnSe:Mn cores.
II. COLLOIDAL SYNTHESIS OF ZNSE:MN/ZNS
QUANTUM DOTS The synthesis method for our ZnSe:Mn/ZnS QDs was adapted from Acharya et al. [5] with significant modifications. The ratio of Mn to Zn precursors, the large excess of Se at the outset of synthesis, and the addition of a ZnS shell account for the significant modifications to the original procedure that have resulted in this novel nanophosphor with record high quantum efficiency.
In a typical synthesis, the Se precursor is prepared by adding 123 mg of selenourea to 10 mL of oleylamine in a three-neck flask. The solution is heated and stirred under argon until the selenourea is completely dissolved, then it is allowed to cool down. The core Zn precursor is prepared by adding 63 mg of zinc stearate (ZnSt2) and 5 mL of octadecene (ODE) to a three-neck flask. The flask is then heated to 260 °C under argon; once the temperature is stabilized at 260 °C, all of the Se precursor is injected into the flask. The flask is then cooled to 240 °C. The Mn dopant is prepared by adding 6.3 mg of manganese stearate (MnSt2) to 0.5 mL of ODE. The mixture is injected into the flask at 240 °C, the temperature is maintained until the dopant emission appears, and then the flask is heated to 260 °C.
The Zn precursor for ZnS shell is prepared by adding 1.159 g of ZnSt2 to 0.515 g of stearic acid (SA) and 18.4 mL of ODE to a three-neck flask. The ZnSt2/SA/ODE solution is then heated and stirred under argon for injection. To begin, 0.96 mL of the ZnSt2/SA/ODE solution is injected into the flask at 260 °C, and after 10 min another 0.96 mL is injected into the flask. The remainder of the shell is grown by progressively increasing injections of the ZnSt2/SA/ODE solution into the flask. The injection temperature for the flask is 260 °C, and after each injection the temperature is rapidly lowered to 240 °C. The four subsequent injections have the volumes of 1.33 mL, 1.69 mL, 2.25 mL, and 2.81 mL, respectively. The flask is then cooled to 70 °C.
The S precursor for ZnS shell is prepared by adding 0.086 mg of thiourea to 3 mL of ethanol, which is then injected into the flask at 70 °C. The ethanol is removed by putting the flask under vacuum, and then the flask is heated to 260 °C. Subsequently, 3.65 mL of the ZnSt2/SA/ODE solution are injected and the flask is cooled to 240 °C for 15 minutes. The flask is then heated
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978-1-4673-6476-8/13/$31.00 ©2013 IEEE again to 260 °C and 4.75 mL of the ZnSt2/SA/ODE solution is injected and the flask is cooled to 240 °C for 15 minutes. Finally, the flask is cooled down to room temperature. The resulting QDs are washed by centrifugation using acetone, until a transparent supernatant is obtained. The supernatant is then discarded, while the QD precipitate is collected using chloroform and stored in a brown glass bottle.
III. OPTICAL CHARACTERIZATION OF ZNSE:MN/ZNS QUANTUM DOTS Photoluminescence (PL) and quantum efficiency (QE) were measured using a Horiba Jobin Yvon Fluorolog-3 spectrofluorometer, using Spectrosil® quartz cuvettes. ZnSe:Mn/ZnS QDs have two bright emission peaks: a shorter wavelength trap emission peak at 496 nm, and a longer wavelength Mn emission peak at 597 nm. The 496 nm peak is excited by 438 nm light, while the 597 nm peak is excited by 412 nm light, as shown in Fig. 1 .
QE measurements of ZnSe:Mn/ZnS QDs were performed using the Fluorolog-3 integrating sphere attachment and a liquid sample holder. At the 496 nm trap emission with 438 nm excitation, the measured QE was 26.2% one week after synthesis. At the 597 nm Mn emission with 412 nm excitation, the QE was as high as 91% one week after synthesis. This represents a significant improvement over our previous report [6] , where high QE emission was associated with surface trap states, and the Mnrelated emission had the QE of 39%. Fig. 2 illustrates the high-temperature emission from ZnSe:Mn/ZnS QDs, as observed during the synthesis at temperatures as high as 260 °C. This is in contrast to CdSe/ZnS QDs, whose emission drops sharply with increasing temperature, and practically disappears above 60 °C [6] . 
IV. CONCLUSIONS
High PL efficiency at elevated temperatures makes the ZnSe:Mn/ZnS QDs particularly attractive for solid-state lighting applications, such as nanophosphors in highpower white LEDs. In addition, their Cd-free composition removes possible health and safety concerns associated with the standard CdSe/ZnS QDs.
